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Galaxy clusters are the most massive collapsed structures in the universe whose potential
wells are filled with hot, X-ray emitting intracluster medium. Observations however show
that a significant number of clusters (the so-called cool-core clusters) also contain large
amounts of cold gas in their centres, some of which is in the form of spatially extended fila-
ments spanning scales of tens of kiloparsecs1, 2. These findings have raised questions about the
origin of the cold gas, as well as its relationship with the central active galactic nucleus (AGN),
whose feedback has been established as a ubiquitous feature in such galaxy clusters3–5. Here
we report a radiation hydrodynamic simulation of AGN feedback in a galaxy cluster, in which
cold filaments form from the warm, AGN-driven outflows with temperatures between 104 and
107 K as they rise in the cluster core. Our analysis reveals a new mechanism, which, through
the combination of radiative cooling and ram pressure, naturally promotes outflows whose
cooling time is shorter than their rising time, giving birth to spatially extended cold gas fil-
aments. Our results strongly suggest that the formation of cold gas and AGN feedback in
galaxy clusters are inextricably linked and shed light on how AGN feedback couples to the
intracluster medium.
Existing models for the formation of cold gas in galaxy clusters predict that filaments form
in situ, out of thermally unstable intracluster medium (ICM) and flow toward the cluster core6–8.
These models face several challenges because (a) they predict low values of the cooling-to-freefall
timescale ratio (tcool/tff < 10), at odds with observations5, 9, and (b) because the filaments form
from the ambient ICM with temperatures ∼ few × 107 K, they are expected to be devoid of dust,
in contrast with observations10–12. In this work we present a different picture, in which the cold
filaments form from the warm phase of the multiphase outflows driven by AGN feedback, while
they are rising. Because of the moderate temperature of the warm outflows, filaments that form
in this way can preserve the dust content drawn from the cluster core. They also have spatial
and velocity distributions consistent with the Hα filaments seen in Perseus and other cool-core
clusters13–17. In addition, the properties of the X-ray emitting plasma in our simulations are in good
agreement with those observed in clusters and early-type galaxies9, 18, with minimum cooling-to-
freefall timescale ratios around 20, as required in a self-consistent picture of the evolution of the
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intracluster medium.
In order to capture this process, we performed 3D radiation-hydrodynamic simulations of
a cool-core cluster (CCC) with the code Enzo19. In this setup, the central AGN, powered by
accretion onto the supermassive black hole (SMBH), is a source of both radiative and kinetic
feedback. A finding that emerged from these simulations is that episodes of intense AGN feedback
coincide with the appearance of spatially extended cold gas filaments in the cluster core20. In order
to understand the relation between AGN feedback and formation of the cold gas, we re-simulated
an episode featuring extended filaments with much higher temporal cadence of outputs, and use it
to follow their evolution from formation to infall (see Methods).
Fig. 1a-c shows the spatial distribution of the AGN-driven outflows in a sequence of snap-
shots from this simulation. Because the central SMBH resides in an environment that includes
cold (T ≤ 104 K), warm (104 < T ≤ 107 K) and hot (T > 107 K) gas phases, the central AGN
may in principle launch multiphase outflows. We however find that the outflows which extend to
∼ 20− 30 kpc mostly comprise diffuse warm gas and a network of filamentary cold gas. The cold
filaments in our simulation exhibit a spatial distribution consistent with the Hα-emitting filaments
seen in Perseus13, 14, 16 and other cool-core clusters15. Fig. 1d-f illustrates their relationship with
the X-ray emitting ICM. These panels show the simulated X-ray images, calculated as fractional
variance from the azimuthally-averaged X-ray photon count (Methods). Dark areas correspond to
regions with a deficit of the X-ray-emitting plasma and are similar to X-ray cavities observed in
many CCCs21, 22. These are a consequence of AGN feedback, which inflates low density bubbles
and heats the surrounding ICM. Because the cold filaments and the X-ray cavities are both linked
to AGN-driven outflows, the two phenomena are contemporaneous and co-spatial23, 24.
The cold filaments are therefore unambiguously associated with the outflows and the cen-
tral goal of this work is to understand whether they (a) are entrained by the outflows and lifted
from the core, where they existed in the first place, or (b) form from the warm outflows as they
are rising. The former hypothesis suffers from a disadvantage that initially stationary cold and
dense gas clumps, which tend to have small cross-sections, are difficult to accelerate in outflows.
Even if such acceleration mechanism exists, the cold gas would need to be launched with high
initial speeds & 1, 000 km s−1, inconsistent with its observed kinematic properties25. At the same
time, it would have to avoid instability and dissipation given the short cloud-shredding timescale26.
The latter hypothesis is more compelling, also because the warm gas phase has cooling timescale
tcool . 10 Myr, considerably shorter than the rising timescale of outflows to radii of tens of kpc
(comparable to tff ∼100 Myr at 30 kpc). Therefore, the cold filaments can form naturally from the
warm outflows as the they are rising in the potential well of the cluster and our aim is to examine
whether this hypothesis is supported by our high cadence simulation.
To understand why cold filaments form preferentially as a result of the radiative cooling of
the warm gas, we inspect the spatial distribution of different outflow phases. Fig. 2a shows the
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mass outflow rate of different components as a function of radius, M˙out(r). We calculate M˙out(r)
by dividing the cluster into 0.25 kpc-thick nested shells, and in each shell compute the volume
average of 4pir2ρvr, where ρ is the density, and vr is the radial velocity of the outflowing gas. In
order to focus on the outflows (as opposed to the gas that exhibits turbulent or other local motion),
we only include M˙out for the gas with vr > 300 km s−1. Fig. 2a reveals that the three temperature
components exhibit a degree of spatial stratification. Heated by the AGN radiative feedback, the
hot outflows dominate in the inner 2 kpc but their mass rate declines quickly beyond this radius.
The warm outflows dominate in the region between 2 and 4 kpc, followed by the cold gas which
dominates to a few tens of kpc.
We introduce a simple analytic model to elucidate the spatial stratification of different out-
flow phases seen in our simulations. We model the trajectories of gas clumps with initial tempera-
tures of 106, 107, and 108 K, in pressure equilibrium with the ICM and show them in Fig. 2b (see
Methods). In the illustrated scenario, 107M spherical clumps are launched with an initial speed
of 3, 000 km s−1 from the radius of 1 kpc. The temperature of each clump evolves primarily due
to radiative cooling, and to a smaller degree due to the adiabatic expansion or compression in the
ambient medium. The clumps also experience ram pressure from the ICM, which confines 108 K
(dilute) clumps to the central few kpc. The effect of ram pressure on the 106 and 107 K clumps
is however much weaker. Because their cooling timescales are shorter, these clumps decrease in
volume and cross section while they are rising, and as a consequence, can travel farther in distance.
Therefore, the ram pressure naturally promotes outflows whose cooling time is shorter than their
rising time and hinders outflows whose cooling time is longer.
Fig. 2c shows the radial velocity as a function of radius, vr(r), for the same clumps. In
this panel, the 106 K clump cools to 104 K within only 105 yr after it is launched, and is largely
unaffected by ram pressure after that point. For simplicity, we assume that the clump is accelerated
to 3, 000 km s−1 before it starts cooling. In comparison, the velocities of the 107 and 108 K clumps
are significantly affected by ram pressure in the stage while they are still hot and dilute. In the case
of the 107 K clump, radiative cooling results in rapid evolution of its properties at r ≈ 6 kpc. This
alleviates the impact of ram pressure, and allows what is now cold and compact gas clump to travel
beyond 20 kpc. The 108 K clump does not undergo a similar transition and remains confined to the
inner few kpc. It is worth noting that the radial velocity of the cold clumps, at the radii where they
spend most of the time, is below ∼1,000 km s−1 (see also Methods). These values are consistent
with the line-of-sight velocity distribution of the cold gas measured in observations of CCCs16, 25.
Therefore, warm outflows with T . 107 K can naturally produce the extended cold gas filaments
with low line-of-sight velocities17.
AGN feedback also plays a pivotal role for the thermal structure of the X-ray emitting ICM.
In Fig. 3 we show its properties in the original, 10 Gyr long simulation20. In Fig. 3a we show the
cooling-to-freefall timescale ratio (tcool/tff), a measure that is commonly used to assess the thermal
stability of the X-ray emitting ICM in galaxy cluster simulations6, 7, 27. The timescale ratio profiles
in the simulated cluster core vary considerably depending on whether they correspond to the stage
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when radiative cooling dominates over AGN heating (t < 1 Gyr in this simulation, see Methods)
or vice versa. With the exception of the Phoenix cluster, which may be suffering from an unbridled
cooling flow24, 28 and maps to the cooling-dominated phase of our simulation, all other systems
exhibit a minimum ratio of about 20, consistent with observations of most cluster cores and early
type galaxies5, 9. Interestingly, Abell 2029 has tcool/tff profile similar to others but is devoid of
both molecular gas and nebular emission. This can be explained by the absence of AGN-driven
outflows if they, rather than thermal instability, are the key for the formation of cold gas filaments.
Our simulation reproduces additional properties of the X-ray emitting ICM, such as the ve-
locity dispersion (see Methods) and entropy profile, K = kBT n
−2/3
e . Fig. 3b illustrates the evolu-
tion the entropy profile, which at r & 100 kpc asymptotes to the power-law, K ∝ r1.1, as expected
for virialized ICM29. In the evolutionary stages regulated by AGN feedback, the ICM at r . 50 kpc
assumes a profile with a shallower slope, consistent with those determined from observations of
early-type galaxies, galaxy groups, and clusters (K ∝ r0.65±0.11)18, 30. This agreement lands further
support for the hypothesis that AGN feedback is a common driver of the properties of the ICM
and the cold gas filaments. Ideas advanced in this work therefore provide new insights into a long-
standing open question about the origin of the cold gas filaments and a new framework in which to
interpret the impact of multiphase outflows driven by AGN feedback in galaxy clusters.
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Figure 1: Formation of cold gas filaments from warm galactic outflows. a-c, Outflows launched
from the cluster core are dominated by warm, ionized gas (104 K < T ≤ 107 K, orange), whose
cooling timescale is shorter than the rising timescale, resulting in formation of a spatially extended
network of cold, neutral filaments (T ≤ 104 K, grey). Colour intensity represents the column
density of ionized / neutral hydrogen. The dashed box highlights a region where the cold filament
forms on the edge of the warm outflow over ∼ 7 Myr as it rises to about 20 kpc from the cluster
centre. The AGN jet axis is fixed along the vertical direction throughout. A movie spanning 20 Myr
of evolution is provided in Supplementary Video 1. d-f: Fractional variance of the X-ray photon
count of the cluster core in the 1− 7 keV band, in snapshots corresponding to a-c. Green contours
trace the cold gas with column density NH = (3, 6, 12)× 1021 cm−2. Features in the inner 3 kpc
are an artifact of the visualization, that arises due to large variation in X-ray surface brightness in
this region.
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Figure 2: Evolution of AGN-driven outflows for gas of different temperatures. a, Mass outflow
rate as a function of radius for hot (T > 107 K), warm (104 K < T ≤ 107 K), and cold (T ≤
104 K) gas with radial velocity vr > 300 km s−1, corresponding to of Fig. 1b. Warm and hot
gas dominate below 4 kpc, whereas the cold gas dominates at larger radii. b, Modeled trajectory
of gas clumps with initial temperatures of 106, 107, and 108 K, in pressure equilibrium with the
intracluster medium. The colour represents the instantaneous temperature of the clump, which
evolves primarily due to radiative cooling. The width of each band corresponds to the relative
size of the clump (not to scale), which changes as a function of evolving temperature. The ram
pressure confines the 108 K (dilute) clumps to the central few kpc, but 106 K and 107 K (denser)
clumps reach distances of∼ 10−100 kpc. The cold clumps are expected to dissipate in the ambient
hot gas after ∼ 107−8 years, as indicated by by the dotted lines (see Methods). c, Radial velocity
as a function of radius for the clumps shown in panel b. The 106 K clump effectively follows a
ballistic trajectory. The trajectories of the 107 and 108 K clumps differ due to the effect of ram
pressure.
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Figure 3: Comparison of properties of the simulated X-ray emitting plasma with observa-
tions. a, The cooling-to-freefall timescale ratio derived from our simulations (blue and orange
dotted lines) overlaid with profiles observed in four representative giant elliptical galaxies and
clusters5, 9, 24. The timescale ratio profiles in the cluster core vary considerably depending on
whether they correspond to the period in time when radiative cooling dominates over AGN heat-
ing (t < 1 Gyr, blue dotted lines) or afterwards (orange dotted lines). With the exception of the
Phoenix cluster, which maps into the cooling-dominated phase in our simulations, other systems
exhibit a minimum ratio about 20. b, Evolution of the entropy profile of the ICM over 10 Gyr,
sampled every ∼ 100 Myr. In the stages regulated by AGN feedback, the entropy of the ICM
inside the central 50 kpc assumes a profile with a shallower slope, consistent with observations of
early-type galaxies, galaxy groups, and clusters (K ∝ r0.65±0.11)18, 30.
7
Methods
High cadence simulation of AGN feedback in galaxy clusters. In order to follow the formation
and evolution of the cold gas filaments on the fly, we re-simulated a 20 Myr segment of a longer
(10 Gyr) galaxy cluster simulation that follows the evolution of a CCC in the presence of radiative
and kinetic AGN feedback (simulation RT02 from our published simulation suite20). The new
simulation is a “zoom-in” in time, with high cadence of output set to about 50 kyr. This frequency
of output allows us to resolve the cooling and free-fall timescales for the multiphase gas
tcool =
nkBTV
(γ − 1)L and tff =
√
2r
g(r)
, (1)
respectively. Here, n is the number density of the gas, L and V are its total radiative luminosity and
volume, respectively, γ = 5/3 is the adiabatic constant, and g(r) is the gravitational acceleration
experienced by the gas as a function of the clustercentric radius. For example, tcool ∼ few ×Myr
for the gas cooling from T = 107 K to 104 K and tff ∼ 108 yr for a clump falling from r = 30 kpc
in our simulated cluster (see Fig. 2b). The starting point of the zoom-in simulation is chosen to
capture the evolution of the network of cold filaments that forms around the 620 Myr time mark of
the parent simulation. The details of the numerical setup of the parent simulation also apply to the
zoom-in simulation. We direct the reader to the publication20 describing our simulation suite for
more information and only summarize the main aspects below.
The radiation-hydrodynamic simulation is performed using the adaptive mesh refinement
code Enzo19 with the ray-tracing radiative transfer package Moray31. We model an isolated
galaxy cluster experiencing AGN feedback, powered by accretion onto the central SMBH. The
underlying potential of the cluster accounts for the contribution from the central SMBH32, the
brightest central galaxy (BCG)33, and an NFW dark matter halo34, as detailed in Appendix A of
Qiu et al. (2019)20. The initial profiles for the density and temperature of the ICM are based on
observations of the Perseus cluster33, 35. Simulations do not capture the self-gravity of the ICM. The
accretion rate onto the central SMBH is estimated based on the gas properties in the vicinity of the
black hole and is dominated by accretion of cold gas36. We assume that 10% of the accreted rest
mass energy is channeled into the radiative and kinetic feedback from the AGN. The allocation
of power between the two feedback modes is a function of the accretion rate of the SMBH in
such way that this setup gives rise to a jet-dominated, radio-loud AGN at low accretion rates,
and a radio-loud quasar at high accretion rates. To model the kinetic feedback, we accelerate the
gas within 1 kpc of the SMBH along a fixed jet axis (which corresponds to the vertical direction in
figures shown in this paper) and into bipolar outflows. We model the radiative feedback as isotropic
ionizing radiation from the central AGN using the ray-tracing module Moray. Moray calculates
photoionization and Compton scattering leading to heating of the electrons along the path of each
individual light ray.
The cluster simulated in the parent simulation cools passively in the first 0.3 Gyr, before
AGN feedback is triggered by the formation and subsequent accretion of cold gas in the vicinity of
the SMBH. The heating provided by the AGN feedback restores the thermal support of the cluster
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Figure 4: Evolution of AGN feedback luminosity in the zoom-in simulation. The total AGN
luminosity is allocated to kinetic (blue) and radiative (orange) luminosity as a function of SMBH
accretion rate. Lighter coloured bands correspond to the instantaneous AGN luminosities and
darker lines show luminosities smoothed over 0.2 Myr. Dotted vertical lines mark the instances in
time corresponding to the panels in Fig. 1a-c. Inset shows the evolution of the AGN luminosity
over 10 Gyr in the parent simulation, smoothed over ∼ 0.1 Gyr. The grey vertical strip marks the
duration of the high-cadence re-simulation.
core within the first 1 Gyr of this simulation. This initial phase of evolution corresponds to the blue
lines in Fig. 3. After the first 1 Gyr, the AGN feedback regulates the evolution of the cluster core
and its total luminosity is in the range 1043−46 erg s−1.
The importance of radiative and kinetic feedback for formation of warm outflows. A phe-
nomenon that is essential for formation of cold filaments in our simulation is the radiative feedback
by the central AGN. Historically, the impact of radiative feedback on the evolution of the ICM has
not been widely considered, due to its low coupling efficiency with the X-ray emitting plasma.
This question became pertinent more recently, and after observations established that CCCs com-
monly contain large amounts of cold atomic and molecular gas in their centres1, 2, 15, 37–48. In our
simulation, the radiative feedback efficiently heats the gas in the central ∼ 2 kpc, giving rise to the
multiphase, ionized gas. This gas is then readily lifted by the outflows, driven predominantly by
the kinetic and to a lesser degree radiative feedback. Because the presence of multiphase outflows
is a prerequisite for the formation of the extended cold filaments, radiative feedback, in addition to
the kinetic, is therefore a necessary ingredient of any model that aims to study them.
One important characteristic of radiative feedback in our simulations is that the luminosity
9
of radiative feedback varies by a few orders of magnitude on relatively short timescales, set by the
cooling time of the plasma in the cluster center. This is illustrated in Fig. 4, which shows the evo-
lution of the kinetic and radiative luminosity over 20 Myr in our zoom-in simulation. During this
period of time, the radiative luminosity evolves from ∼ 1043 to ∼ 1045 erg s−1. In the simulation,
every subsequent burst of AGN radiative feedback briefly photoionizes the cold gas. The pho-
toionized gas quickly recombines, provides fuel for the SMBH, and in such a way triggers the new
feedback outburst. The burst of LR ∼ 1044 erg s−1 around t = 610 Myr, for example, produced the
warm outflows that form the cold gas filament highlighted in the dashed box of Fig. 1a-c (see also
Supplementary Video 1). The inset of Fig. 4 shows the long-term evolution of the kinetic and ra-
diative luminosity over 10 Gyr in the parent simulation. On both the shorter and longer timescales
the kinetic luminosity (which has different dependence on the SMBH accretion rate in our feed-
back model) remains relatively level, and within a factor of few from 1045 erg s−1. In comparison,
radiative feedback exhibits larger variability and a low duty cycle relative to the kinetic feedback.
This property of our simulated AGN is consistent with observation that most BCGs in CCCs at
low redshift do not host quasars.
Assuming that real AGNs in CCCs operate in the same way, the indirect evidence for the
action of radiative feedback can be found in the presence of longer-lived extended cold filaments.
Because the rise and freefall time of the filaments can be long (∼ 108 yr at r = 30 kpc), they
can effectively point to a past outburst, during which the BCG briefly hosted a luminous AGN or
a radio-loud quasar. A cluster which may be an illustration of this brief phase of evolution and
presently hosts an X-ray luminous AGN (LR ≈ 5.6 × 1045 erg s−1) is Phoenix49. The Perseus
cluster on the other hand hosts a rich network of Hα filaments but lacks an X-ray luminous AGN
(LR ∼ 1043 erg s−1, assuming isotropic emission50). We therefore speculate that the central AGN
in Perseus was more luminous∼ 107− 108 yr ago, much like the one in Phoenix, giving rise to the
spectacular network of filaments.
The impact of ram pressure and radiative cooling on AGN-driven outflows. In this section
we describe an analytic model used to describe the impact of ram pressure and radiative cooling
on multiphase outflows shown in Fig. 2b-c. In this model, spherical clumps of gas with mass
M = 107M and temperatures T = 106, 107 and 108 K are launched from an altitude of r =
1 kpc in the stratified atmosphere described by the underlying cluster potential, and the initial
temperature and density profiles of the simulated ICM. The cooling rate of the clumps due to
the emission of radiation, Λ(n, T ), is calculated using the tabulated cooling rate for the gas in
ionization equilibrium51 with metallicity Z = 0.01, and is valid between 104 − 108 K. The clumps
are assumed to be in pressure equilibrium with the surrounding ICM so that
P (r, t) = PICM(r) =
ρICM(r) kBTICM(r)
µmp
, (2)
where ρICM(r) and TICM(r) are the density and temperature profiles of the ICM, µ = 0.6 is the
mean atomic weight for fully ionized Z = 0.01 plasma, and mp is the proton mass. This assump-
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tion allows us to calculate the density evolution of the spherical clump as
ρ(r, t) =
µmp P (r, t)
kBT (r, t)
, (3)
and its instantaneous radius asR(r, t) = (3V (r, t)/4pi)1/3, where V (r, t) = M/ρ(r, t) is the clump
volume.
In addition to the gravitational acceleration, the gas clump traveling on a radial trajectory
also experiences ram pressure from the surrounding ICM, Pram(r, t) = ρICM(r) vr(r, t)2, which
modifies the acceleration of the gas clump as
a(r, t) = g(r)∓ Pram(r, t) piR(r, t)2/M , (4)
where g(r) < 0 is the gravitational acceleration, calculated from the underlying potential, and the
minus (plus) sign corresponds to the clump traveling radially outward (inward). The evolution
of each clump is then integrated with the time step ∆t = 1 kyr, or 10% of the cooling time,
whichever is smaller. In each step, the temperature, density, volume, and radius of the clump are
updated, allowing us to calculate the new acceleration, radial velocity, and position.
The simplifying assumptions we make in this model include (i) the spherical geometry of
the gas clump, (ii) mass loss due to ram pressure stripping of the clump is neglected, (iii) apart
from radiative cooling, energy exchange with the ambient medium is neglected, and (iv) pressure
equilibrium with the surrounding ICM is enforced in every step. More realistically, the geometry
of the cold gas is filamentary and non-spherical, which further reduces the effect of ram pressure,
and may allow the cold filaments in our model to travel even further. If similar (approximately
cylindrical) geometry can be assumed for the warm and hot outflows, this may result in warm/hot
outflows reaching further beyond the core region52. Ram pressure stripping reduces the cross-
section (A ∝ R2) and the total mass of the clump (M ∝ R3) at the same time. Since deceleration
due to ram pressure scales as ∝ A/M ∝ R−1, it follows that the stripping of the clump also
reduces the distance that it can travel, assuming that stripping results in smaller clumps. Moreover,
the outflows can dissipate their kinetic energy in weak shocks that form at the interface of the
outflows and the ICM. If so, some fraction of this kinetic energy can be converted to thermal
energy, thus suppressing the reach of the gas clumps in the ICM atmosphere. Finally, given that the
cluster we modeled on Perseus is roughly isobaric in the inner 10 kpc (we verified that the pressure
profile inferred from observed properties of the ICM in Perseus varies slowly in this region), the
assumption of pressure equilibrium does not have a significant impact on their trajectory in this
region. Outside of this region, the ICM pressure gradually decreases, which in our model leads
to a small expansion of the clump size, noticeable for the clumps with temperature of 106 K and
107 K in Fig. 2b around the turning radius of their trajectory. This increase in size is small and does
not significantly enhance the influence of ram pressure.
In addition to the kinematic properties of cold clumps, determined by the gravitational decel-
eration and ram pressure from the ICM, their evolution is also affected by their longevity. Because
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Figure 5: Instantaneous radial velocity distribution for outflows in the high-cadence simula-
tion. Outflow speed as a function of radius, color-coded in terms of the mass-weighted tempera-
ture (a) and neutral hydrogen mass (b). The bulk of the cold gas is traveling with speeds below
1,000 km s−1, in agreement with observations and with predictions of the analytic model. This
snapshot corresponds in time to Fig. 1b.
the clumps are typically moving through the ICM with velocities much higher than their sound
speed (cs ∼ 10 km s−1), the shock heating can destabilize and dissipate the cold gas. The timescale
for destruction of the cold clump due to shock heating can be estimated as the time for the shock
to sweep over it26:
td ∼ R
vr
(
ρ
ρICM
)1/2
. (5)
For a cold gas clump with radius R ∼ 0.1 kpc in pressure equilibrium with the ICM, moving at
100− 1000 km s−1, the density contrast is ρ/ρICM ∼ 4, 000 and the resulting destruction timescale
td ∼ 107−8 yr. We mark this timescale in Fig. 2bc, where the trajectory of the cold clump is shown
as a dotted line after 107 (108) years for the faster (slower) clump. This implies that most of the
extended cold gas filaments are shredded in the ICM before falling back to the cluster center.
To assess how well our simple analytic model captures the salient points of the filament evo-
lution, we compare its predictions with the radial velocity distribution for the multiphase outflows
in our simulation. Fig. 5a shows the instantaneous outflow speed as a function of the clustercentric
radius for a snapshot in the simulation corresponding to Fig. 1b. In the inner region of the cluster
(r . 4 kpc), outflows are dominated by the hot (T > 107 K) and warm plasma (104 < T ≤ 107 K),
which is launched at speeds > 1, 000 km s−1. The warm phase of the outflow reaches ∼ 10 kpc,
while still at relatively high speeds, after which point it decelerates and cools rapidly, giving rise
to the lower speed cold outflows. This is illustrated by the dramatic drop of the outflow velocity
at r ∼ 10 kpc, similar to the evolution of the T = 107 K gas clump in Fig. 2c. Those clumps that
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cool below T ∼ 104 K experience negligible impact of the ram pressure on their kinematics, which
enables them to travel out to ∼ 30 kpc, in agreement with the prediction of our model.
Fig. 5b shows the radial velocity distribution of the cold gas only (traced by neutral hydro-
gen) in the same simulation snapshot. The bulk of the cold gas is traveling with speeds below
1,000 km s−1, in agreement with expectations of our analytic model for 107 K gas clump, as illus-
trated in Fig. 2c. The kinematics of the 106 K gas clump (which cools to 104 K in . 105 yr and
hence appears as a purple line in Fig. 2bc) is inconsistent with the simulation, which is devoid of
cold gas outflowing with speeds ∼ 2, 000− 3, 000 km s−1. Therefore, based on the predictions of
the analytic model, we conclude that the gas phase launched in AGN outflows that ultimately gives
rise to the extended cold filaments resides in the temperature range 106 < T . 107 K. This is of
interest because simulated velocity distribution shown in Fig. 5b is consistent with observations
of the cold gas filaments in CCCs25, which find that the Hα emission lines associated with the
filaments have widths (FWHM) of 100 − 600 km s−1. Similar results have been recently obtained
from ALMA observations of BCGs48, which show that molecular gas, found between a few to
tens of kpc from the cluster centre, has velocities around a few hundred km s−1, and much lower
than the corresponding free-fall speed. These findings do not favor a simple ballistic motion as an
explanation for the kinematics of the cold gas. The combination of multiphase outflows, radiative
cooling, and ram pressure therefore appears to be the key in explaining this phenomenon.
Comparison with observations and other models for cold filament formation. The origin of
the cold gas filaments in CCCs and their relationship with the central AGN remains an important
open question in the context of galaxy clusters and the cooling flow problem. This question is a part
of a broader effort to understand how AGN feedback couples to the host galaxy and surrounding
environment. It is closely related to recent investigations of active galaxies that show evidence
for large-scale multiphase outflows, whose kinematic and ionization properties are stratified as a
function of distance from the SMBH53, 54. These works propose that (a) highly ionized, relativistic
outflows, launched from the sub-parsec size region centered on the SMBH and (b) warm X-ray
absorbers and molecular outflows moving with speeds of ∼ 102 − 103 km s−1, actually represent
parts of a single large-scale stratified outflow observed at different locations from the black hole.
While CCCs provide notably different environments for AGN feedback, these studies provide
support for a basic premise of this work: that observed AGNs, like the AGN in our simulation, can
launch large-scale multiphase outflows. The new element of this work is that the cold filaments
form out of the warm outflows, while they are rising and expanding in the cluster core. Driven by
inertia, the filaments initially rise and expand until they reach the turning point of their trajectory
and start falling toward the cluster center. This behavior is captured in Figure 1 and Supplementary
Video 1.
The existing models for formation of cold filaments predict that they form out of thermally
unstable ICM, in locations where its cooling time scale (tcool) falls below some multiple of the
dynamical, free-fall timescale (tff). The cold gas in this scenario is assumed to form in-situ, before
raining down to the cluster centre, in a process also described as “precipitation”4. An important ob-
servational constraint that has been used as a criterion for cold gas formation in theoretical models
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Figure 6: Velocity dispersion of different temperature phases of the gas in simulated cluster
core. The resulting velocity dispersion is calculated as the average of the x, y, and z components,
weighted by the X-ray emissivity (for hot and warm gas) and Hα emissivity (for cold gas), at radii
between 3 and 20 kpc. While warm and cold gas share similar values, the velocity dispersion of
the hot gas shows stronger, uncorrelated variability, indicating a separate kinematic origin from the
cold gas filaments.
is set by the cooling-to-freefall timescale ratio, tcool/tff . We note that this ratio in observed systems
is primarily determined by their cooling time, as the freefall time as a function of radius is similar
among ellipticals and central cluster galaxies. Namely, observations of most giant ellipticals and
BCGs find the minimum value of this ratio to be about 205, 9. The value of this ratio commonly
inferred from the precipitation models is < 10, in tension with observations of clusters that contain
cold gas in their centres. Some studies argue tcool/tff = 10 is a floor which is breached only rarely,
when systems are in a rapidly cooling state4. However, the frequency of systems lying below the
timescale ratio of 10 is much less than the fraction of systems with ongoing cooling into molecular
clouds. Therefore, the thermal instability of the ICM does not fully explain the existence of cold
gas in real systems. In comparison, thermal properties of the X-ray emitting plasma predicted by
this work are in good agreement with that of observed systems (as shown in Fig. 3 for both the
timescale ratio and entropy). This agreement lands further support for the hypothesis that AGN
feedback is a common driver of the properties of the ICM and the cold gas filaments.
We also examine the velocity dispersion of the gas, σ, as a probe of its kinematic properties.
Fig. 6 shows the temporal evolution of σ for gas in different temperature ranges in our simulation,
at radii corresponding to the extent of cold gas filaments, 3 kpc < r < 20 kpc. The velocity
dispersion value at a given time is calculated as the average of the x, y, and z components. σ of the
hot and warm gas are weighted by their respective X-ray emissivities measured in the 0.1−10 keV
14
range, while σ of the cold gas is weighted by its Hα emissivity arising from recombination55. This
approach allows us to reproduce more closely the properties of the observed data and to compare
our σ values with the X-ray and optical observations of cluster cores16, 56. The trend worth pointing
out in Fig. 6 is that the warm and cold gas components share similar and relatively uniform values,
〈σwarm〉 = 179 ± 25 km s−1 and 〈σcold〉 = 187 ± 14 km s−1. Meanwhile, the velocity dispersion
of the hot gas shows stronger variability with 〈σhot〉 = 140 ± 36 km s−1, and has higher values
during the peak of AGN activity. This indicates independent kinematic properties of the hot gas
and the cold gas filaments, which is expected in the context of our work, since the hot outflows are
not the driving force for the formation of the cold gas filaments. In contrast, some precipitation
models predict correlation between the velocity dispersion of the hot and cold gas57, because in
the alternative scenario the cold gas condenses out of the hot ICM and their kinematic evolution is
related. Therefore, measurements of σ for different gas phases in multiple CCCs can in principle
be used to test the validity of a subset of models.
Another challenge associated with the class of models that describe thermal instability and
precipitation of cold gas from the hot ICM is that filaments formed in this way should be devoid of
any dust content58, as dust is quickly destroyed in the hot plasma with temperature higher than a
∼ few×106 K. This prediction is in contrast with observations that unambiguously detect presence
of dust in cold gas in CCCs12, 59. The scenario proposed in this paper, within which cold filaments
mainly form from warm outflows with temperature . 107 K provide a natural solution to this
puzzle, as they can naturally preserve the dust content drawn from the cluster core.
An additional prediction of our model pertains to the relationship between the observable
properties of the Hα filaments and the kinetic and radiative feedback from SMBHs in BCGs17.
This relationship was studied in detail on a full suite of 3D radiation-hydrodynamic simulations,
including the parent simulation to the zoom-in simulation used in this work. Based on these, we
find that the AGN feedback in CCCs promotes the formation of spatially extended Hα filaments
and that their presence indicates an ongoing or a recent outburst of AGN feedback. A direct
consequence of this causal relationship is that the mass and spatial extent of the cold filaments
positively correlate with the luminosity of AGN feedback in our simulations. Both can therefore
be used an independent probe of the AGN activity.
In another theoretical scenario that merits consideration, the cold filaments are entrained
by the outflows and lifted from the central cluster galaxy, where they existed in the first place.
This model faces several challenges. Firstly, it is difficult to accelerate cold gas through the hot
ICM to high speeds without disrupting it26 (see equation 5). Even if that were possible, one can
show that the filaments that extend beyond 10 kpc would have to be launched with initial velocities
> 1, 000 km s−1. Such high velocities are however not seen in observations of galaxy clusters25, 48.
This indicates that even if some initially cold gas is entrained in the outflows, it does not seem to
attain speeds > 1, 000 km s−1, and should therefore be unable to reach altitudes of 10s of kpc. It
is worth noting that the velocity distribution of the cold gas filaments produced in our simulation
(and elucidated by our analytic model) is similar to that seen in observations of CCCs, without
imposing special requirements on their geometry (see analysis presented in the previous section).
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Calculation of the X-ray images, entropy and cooling profiles of the X-ray emitting plasma.
In this section we describe the procedure used to calculate the synthetic X-ray images in Fig. 1d-f
as well as the entropy and cooling profiles of the X-ray emitting plasma shown in Fig. 3. The
first step in generating the X-ray images is to calculate the X-ray emission from the simulated, 3D
snapshot of the cluster. We use the yt60 and pyXSIM61 packages to generate the X-ray photons
in the 1− 7 keV energy band emitted in the central 200 kpc of the simulated cluster. These energy
thresholds are chosen so as to avoid the filamentary X-ray emission that appears at lower energies,
and to reflect the energy range usually shown in observed images. The X-ray photons are generated
assuming thermal emission of the collisional plasma with metallicity Z = 0.011, based on the
APEC code62.
In the next step, the cluster is placed at the redshift of Perseus, z = 0.0179 (assuming ΛCDM
cosmology, h = 0.71, Ωm = 0.27, ΩΛ = 0.73, this implies an angular scale of 0.359 kpc per arc-
sec), and the photons are projected along the line of sight and processed through a Tu¨bingen-Bolder
foreground galactic absorption model63, assuming hydrogen absorption with a column density of
NH = 4 × 1020 cm−2. The 2D map of the X-ray photons calculated in this way is then convolved
with the instrument response file using the SOXS64 package. The file is a simplified version of the
Cycle-0 Chandra response matrix, with angular resolution of 0.5 arcsec, and with the chip gaps
removed. The length of the exposure is set to 1 Ms. In order to enhance the contrast of more subtle
features in the ICM, such as the X-ray cavities, we calculate the fractional variance of this image
by subtracting from it the azimuthally averaged profile, and subsequently dividing the difference
by the azimuthal average. The image processing results in the cavities in the inner 3 kpc, which
are an artifact of the visualization that arises due to a large variation in X-ray surface brightness
in this region. These regions are intensely heated by the AGN feedback and represent locations
where bipolar outflows launched in the simulation collide with the surrounding ICM. This gives
rise to an inner pair of cavities in Fig. 1d-f.
The radial entropy profile in Fig. 3b, K(r), is calculated as a spherical average in each
radial shell of the simulated cluster. In the calculation of the average, the contribution from each
cell in the shell is weighted by its X-ray luminosity in the energy range 0.1 − 10 keV. The X-ray
luminosity used in this calculation is obtained using the pyXSIM package, as described above. It
is worth noting that some fraction of the T . 107 K gas is co-spatial with the cold gas filaments
(these are the so-called warm X-ray filaments65). In these regions the proximity of the cold gas
and warm X-ray gas may lead to the non-radiative cooling of the X-ray gas through mixing with
the cold gas. Similarly, the X-ray emission by the same plasma may be suppressed due to heavy
absorption and scattering of the emitted X-ray photons by nearby dust. In order to take these
effects into account and avoid an overestimate of the X-ray emission from such regions (since our
simulations do not capture these effects), we exclude from the calculation of K(r) the cells that
are immediate neighbours with the cold gas cells. Following the convention common in X-ray
observations, we use the electron number density, ne, to calculate K = kBT n
−2/3
e , and note that
this results in the value of entropy slightly higher than the value that we would obtain if we used
the total plasma number density instead. The cooling-to-freefall timescale ratio profile in Fig. 3b,
tcool(r), is calculated by summing over the thermal energy of the gas with kBT > 0.1 keV in each
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radial shell, and then dividing the sum by the 0.1 − 10 keV X-ray luminosity of the shell. For the
same reason as mentioned above, the gas cells adjacent to the cells containing cold gas are not
included in the calculation.
Data availability The data that support the plots within this paper and other findings of this study
are available from the corresponding author upon reasonable request.
Code availability The simulations presented here were performed using an adapted version of the
Enzo code. The main repository is available at http://enzo-project.org/, and the customizations
made for this work are available from the corresponding author upon request.
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